Objective: To measure agreement of plus disease diagnosis among retinopathy of prematurity (ROP) experts.
in 7 of 34 images (21%), and the mean statistic for each expert compared with all others was between 0 and 0.20 (slight agreement) for 1 expert (5%), between 0.21 and 0.40 (fair agreement) for 3 experts (14%), between 0.41 and 0.60 (moderate agreement) for 12 experts (55%), and between 0.61 and 0.80 (substantial agreement) for 6 experts (27%).
Conclusions:
Interexpert agreement of plus disease diagnosis is imperfect. This may have important implications for clinical ROP management, continued refinement of the international ROP classification system, development of computer-based diagnostic algorithms, and implementation of ROP telemedicine systems.
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R ETINOPATHY OF PREMATUrity (ROP) is a vasoproliferative disease affecting low-birth-weight infants. Several major advances in ROP diagnosis and treatment have occurred during the past 2 decades. The international classification of ROP established a standard system for describing the location, severity, and extent of retinal findings on ophthalmoscopy, 1,2 thereby creating a foundation for clinical care and research. The Cryotherapy for Retinopathy of Prematurity (CRYO-ROP) and Early Treatment for Retinopathy of Prematurity (ETROP) trials determined specific disease criteria for which treatment with cryotherapy or laser photocoagulation has been shown to improve structural and functional outcomes. [3] [4] [5] Despite these advances, ROP continues to be a leading cause of childhood blindness throughout the world. [6] [7] [8] Plus disease is a key aspect of ROP evaluation and is characterized by retinal vascular dilation and tortuosity. The presence of plus disease is a necessary feature of threshold disease and is a sufficient feature for type 1 ROP, both of which have been shown to warrant prompt treatment. 3, 4 The minimum level of vascular abnormality needed for plus disease is represented by a standard photograph, which was selected by expert consensus. 3 More recently, the following 2 modifications have been made: (1) multicenter clinical trials have explicitly stated that at least 2 quadrants of this minimum amount of vascular dilatation and tortuosity are sufficient for diagnosis of plus disease 9,10 and (2) the 2005 revised international classification of ROP formally defined an intermediate pre-plus condition as "abnormalities of the posterior pole that are insufficient for the diagnosis of plus disease but that demonstrate more arterial tortuosity and more venous dilation than normal." 10(p995) These definitions of plus disease and preplus disease may be subjective in nature because they are based on photographic standards and descriptive qualifiers rather than on quantifiable measurements. Although dilated binocular indirect ophthalmoscopy is considered the criterion standard for ROP diagnosis and classification, 10 agreement among multiple examiners in determin-
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ing the presence or absence of plus disease has not been systematically studied, to our knowledge. Because inconsistent diagnosis of plus disease can lead to errors in overtreatment or undertreatment, this question has important implications for clinical management and research in ROP.
The objective of this study was to measure agreement of plus disease diagnosis among a group of 22 recognized ROP experts. To simulate real-world scenarios, expert participants used a secure Web site to review a set of retinal images captured by a commercially available wide-angle digital fundus camera. This study focuses specifically on interexpert agreement rather than on diagnostic accuracy compared with a reference standard.
METHODS
This study was approved by the Institutional Review Board at Columbia University Medical Center, New York, New York. Waiver of consent was obtained for use of deidentified retinal images.
STUDY PARTICIPANTS
A set of 34 digital retinal images was captured from premature infants using a commercially available device (RetCam II; Clarity Medical Systems, Pleasanton, California) during routine ROP care. Images were selected that in our opinion reflected a change in vasculature compared with baseline. Each photograph displayed the posterior pole of the retina, with any visible peripheral disease cropped out. Images were not annotated with any descriptive information such as name, birth weight, or gestational age. No images were repeated.
A group of ROP experts was invited to participate in the study. For the objective of this study, eligible experts were defined as practicing pediatric ophthalmologists or retina specialists who met at least 1 of the following 3 criteria: having been a study center principal investigator for the CRYO-ROP or ETROP study, having been a certified investigator for either of those studies, or having coauthored at least 5 peer-reviewed ROP manuscripts.
IMAGE INTERPRETATION
Each participant was provided with an anonymous study identifier and a password to a Web-based program developed by us to display photographs. Experts were asked to categorize each image based on the following 2 axes: (1) diagnosis (plus, pre-plus, neither, or cannot determine) and (2) quality (adequate, possibly adequate, or inadequate for diagnosis). Options in each categorization axis were mutually exclusive. Participants were allowed to revise answers by returning to previous pages in the Web-based program, but all responses were finalized and logged into a secure database (SQL 2005; Microsoft, Redmond, Washington) after the final image was categorized. Experts were asked whether their home institution had a RetCam device and whether they would describe their experience with interpreting RetCam-captured images as extensive, limited, or none.
Participants were not provided with any references or standards for plus and pre-plus disease, although it was assumed that they would be familiar with these definitions. Instead, the decision was made to rely on experts' personal experience and judgment to better simulate a real-world situation. Informed consent was obtained from each participant using a clickthrough Web form before images were displayed. Specific instructions included the following statement:
We are inviting you to participate in a research study involving ROP because we believe that you are recognized as an international authority on this disease. The purpose of this study is to determine the interrater agreement among ROP experts for detection of plus disease from retinal photographs. We believe that there may be subjectivity in the determination of plus disease. We feel that it is important to study the inter-rater agreement for detection of plus disease because ROP diagnosis and treatment guidelines are heavily dependent on the presence or absence of plus disease. If you agree to participate in this study, you will be shown a series of approximately 30 retinal posterior pole images. You will be asked to classify each image as either "plus," "preplus," "neither," or "cannot determine."
DATA ANALYSIS
Data were exported from the study database into a spreadsheet (Excel 2003; Microsoft). Absolute agreement among participants was determined for each image based on 3-level (plus, pre-plus, or neither) and 2-level (plus or not plus) categorizations. Images classified as cannot determine were excluded from analysis for that participant.
In the 2-level categorization, the statistic was used to measure chance-adjusted agreement for the presence of plus disease between each pair of experts. In the 3-level categorization, the weighted statistic was used for analysis of agreement because it adjusts for small vs large disagreements. 11 An accepted scale was used to interpret results as follows: 0 to 0.20 indicated slight agreement; 0.21 to 0.40, fair agreement; 0.41 to 0.60, moderate agreement; 0.61 to 0.80, substantial agreement; and 0.81 to 1.00, almost perfect agreement. 12 The mean values were determined for each expert compared with all others, and standard errors were calculated using the jackknife method.
Statistical analysis was performed using SPSS version 14.0 software (SPSS Inc, Chicago, Illinois). The relationship between expert characteristics and mean statistics compared with other examiners was analyzed using the 1-sample or independent sample t test, as appropriate. Statistical significance was defined as 2-sided PϽ.05.
RESULTS

CHARACTERISTICS OF EXPERT PARTICIPANTS
Based on the study definition of expertise that was used, 29 individuals were invited, of whom 22 (76%) consented to participate. Among these 22 experts, 18 (82%) had served as principal investigators in the CRYO-ROP or ETROP study, 4 (18%) had served as certified investigators in either study, and 11 (50%) had coauthored at least 5 peer-reviewed ROP manuscripts. Nine participants (41%) met more than 1 criteria.
Among 22 participants, 16 (73%) worked at institutions with a RetCam device, 5 (23%) worked at institutions without the device, and 1 (5%) did not report this information. Similarly, 11 participants (50%) described their previous experience with interpretation of RetCamcaptured images as extensive, 6 (27%) described it as limited, 4 (18%) described it as none, and 1 (5%) did not report this information. Seventeen participants (77%) were pediatric ophthalmologists, whereas 5 participants (23%) were retina specialists.
PARTICIPANT RESPONSES
All 34 images were reviewed by 22 experts, for a total of 748 diagnosis and quality responses. A diagnosis of cannot determine was made in 18 of 748 cases (2%). Among 748 cases, image quality was scored as adequate in 656 cases (88%), possibly adequate in 72 cases (10%), and inadequate for diagnosis in 20 cases (3%).
Overall diagnostic responses are summarized in the Table. Three of 34 images (9%) were classified as plus by all 22 experts. In the 3-level categorization, 1 image (3%) was classified as neither plus nor pre-plus by all 22 experts, and no images were classified as pre-plus by all 22 experts. In the 2-level classification, 4 of 34 images (12%) were classified as not plus by all experts who provided a diagnosis. Representative images and responses are shown in Figure 1 . Figure 2 shows absolute agreement in plus disease diagnosis, based on the percentage of experts who assigned the same diagnosis to each image. For example, the same 3-level diagnosis was made by at least 90% of experts in 6 images (18%) and by at least 80% of experts in 7 images (21%). The same 2-level diagnosis was made by at least 90% of experts in 20 images (59%) and by at least 80% of experts in 24 images (71%).
INTEREXPERT AGREEMENT
The mean statistics for each expert compared with all others are shown in Figure 3. In the 3-level categorization, the mean weighted statistic for each expert compared with all others was between 0.21 and 0.40 (fair agreement) for 7 experts (32%) and between 0.41 and 0.60 (moderate agreement) for 15 experts (68%). In the 2-level categorization, the mean statistic for each expert compared with all others was between 0 and 0.20 (slight agreement) for 1 expert (5%), between 0.21 and 0.40 (fair agreement) for 3 experts (14%), between 0.41 and 0.60 (moderate agreement) for 12 experts (55%), and between 0.61 and 0.80 (substantial agreement) for 6 experts (27%).
There were no statistically significant differences in mean or weighted statistics based on the following expert characteristics: working in vs not working in an institution with a RetCam, having published at least 5 vs fewer than 5 peer-reviewed ROP manuscripts, type of ophthalmologist (pediatric vs retina specialist), self-reported level of experience interpreting RetCam images (extensive, limited, or none), status as a principal investigator vs not a principal investigator in the CRYO-ROP or ETROP study, or status as a certified investigator vs not a certified investigator in either of those studies.
COMMENT
This is the first study (to our knowledge) that has systematically evaluated agreement among ROP experts for plus disease diagnosis. Consistent and accurate detection of plus disease has an increasingly critical role in the identification of treatment-requiring ROP. This is particularly relevant because the multicenter ETROP trial recently determined that presence of plus disease is sufficient for meeting the definition of type 1 ROP, which benefits from early treatment regardless of the exact number of clock hours of peripheral disease. 4 The main finding from this study is that interexpert agreement of plus disease diagnosis is imperfect. Using a 3-level categorization, all 22 experts agreed on the same diagnosis in 4 of 34 images (12%) (Figure 2) , and the mean weighted statistic for each expert compared with all others ranged from 0.25 (fair agreement) to 0.55 (moderate agreement) (Figure 3 ). Using a 2-level categorization, all experts who provided a diagnosis agreed in 7 of 34 images (21%) (Figure 2) , and the mean statistic for each expert compared with all others ranged from 0.19 (slight agreement) to 0.66 (substantial agreement) (Figure 3 ). This degree of variability suggests that imagebased plus disease diagnosis may be heavily subjective.
Binocular indirect ophthalmoscopy by an experienced ophthalmologist is considered the criterion standard for diagnosis and classification of ROP. 10 By defi- 13 The extent of disagreement in plus disease diagnosis among recognized ROP authorities in this study raises important questions about the reliability of this standard. This inconsistency presumably results from subjective differences in judgment among experts even while viewing the same images or from varying interpretations of the definition of plus disease. 3 Several studies [14] [15] [16] explored the possibility of plus disease detection using computer-based image analysis. If these automated systems can be shown to have accuracy comparable to that of human experts, the objectivity and reproducibility of computer-based techniques may offer important advantages over current methods. We emphasize that the objective of this study was to evaluate agreement in diagnosis among experts rather than to measure accuracy compared with a criterion standard. The opinion of any single participant in this study would certainly be regarded as a criterion standard for diagnosis, although we note that a criterion standard test cannot be completely accurate if it is not reproducible among multiple observers.
The recently revised international classification of ROP introduced an intermediate condition of pre-plus disease. 10 The clinical significance of pre-plus disease is not completely clear given that it was not incorporated into clinical trials such as CRYO-ROP or ETROP. Results from our current study suggest that even experts do not have complete agreement about whether a given image represents pre-plus as opposed to plus or neither (Table) . If the clinical usefulness of pre-plus disease can be demonstrated, 17 future development of a more precise definition of this entity may help guide physicians in diagnosis.
The design of a study involving interexpert agreement requires an explicit definition of expertise, and the method used for this project warrants some explanation. Participants were invited for this study based on academic criteria, as evidenced by leadership roles in major multicenter clinical trials or by authorship of peerreviewed ROP literature. This may not necessarily reflect clinical expertise in a real-world setting. However, there are numerous factors comprising medical expertise, some of which may be difficult to quantify for the purpose of study design. 18 Furthermore, it could be argued that academic ROP experts may have greater familiarity with the published photographic standard for plus disease than the overall population of ophthalmologists who perform ROP examinations. Therefore, we hypothesize that disagreement in plus disease diagnosis within the overall population of practicing clinicians may be higher than that among the academic experts in this study. This issue may warrant further study to determine the extent to which these findings are generalizable.
From a clinical perspective, it would be most useful to know the agreement of plus disease diagnosis among multiple experts performing serial indirect ophthalmoscopy on the same infant. However, that type of study would be impractical because of infant safety concerns. 19 To simulate a real-world situation for this study, images presented to participants were captured using a commercially available RetCam device. This is a contact camera with a 130°field of view and is the most well-known in- Representative images shown to 22 expert participants. A, Classified as neither plus nor pre-plus by all 22 experts (100%). B, Classified as plus by 2 experts (9%), pre-plus by 9 experts (41%), neither by 10 experts (46%), and cannot determine by 1 expert (5%). C, Classified as plus by 1 expert (5%), pre-plus by 16 experts (73%), neither by 4 experts (18%), and cannot determine by 1 expert (5%). D, Classified as plus by 11 experts (50%), pre-plus by 10 experts (46%), and cannot determine by 1 expert (5%). E, Classified as plus by all 22 experts (100%). F, Classified as plus by 3 experts (14%), pre-plus by 9 experts (41%), neither by 9 experts (41%), and cannot determine by 1 expert (5%).
(REPRINTED) ARCH OPHTHALMOL / VOL 125 (NO. 7), JULY 2007strument for pediatric retinal imaging. [20] [21] [22] [23] [24] [25] In contrast, standard binocular indirect ophthalmoscopy provides a 40°to 50°field of view. It is conceivable that this difference in perspective may have caused difficulty for participants, depending on their previous experience interpreting wideangle ROP photographs. Although this study did not detect any correlation between mean statistics and selfreported level of RetCam experience, this question may deserve additional study with a broader spectrum of image graders. On one hand, limited experience in correlating wide-angle images with indirect ophthalmoscopy might result in systematic overdiagnosis or underdiagnosis of plus disease by some participants, thereby increasing variability. On the other hand, the fact that all participants were asked to review the exact same images in this study might produce decreased variability compared with serial ophthalmoscopy because examination quality may vary based on infant stability or cooperation.
Telemedicine strategies have been proposed as an alternative to standard ROP care involving dilated examination at the neonatal intensive care unit bedside. Findings from several limited studies [20] [21] [22] [23] [24] [25] suggest that remote interpretation of retinal images may have adequate sensitivity and specificity to identify clinically significant ROP. To our knowledge, these published studies have compared accuracy of remote interpretation of RetCam images captured by ophthalmic personnel with a criterion standard of dilated ophthalmoscopy by a single examiner. The present study reveals several clinically significant disagreements among acknowledged ROP experts in plus disease diagnosis from wide-angle retinal photographs. To prevent diagnostic errors, this issue should be examined and resolved before the routine deployment of ROP telemedicine systems. However, if implemented properly, remote image interpretation at certified centers may offer advantages over dilated examination by a single ophthalmologist with regard to standardization. This is analogous to the national Fundus Photograph Reading Center on the basis of the 7-field photographic reference established by the Early Treatment for Diabetic Retinopathy Study. cular branching while diagnosing plus disease, this may introduce a confounding factor. However, the standard plus disease photograph is a central retinal image without any peripheral details.
3 (3) For practical reasons, standardization of image reading conditions was not performed. The effect of variables such as luminance and resolution of computer monitor displays has been characterized in the radiology domain, 27 and the extent to which these factors may influence interexpert agreement is not clear. (4) Although experts were given the option to assign diagnoses of cannot determine and were asked to assess image quality, this study was not designed to analyze or correlate between those responses (eg, to explain why an expert may have provided a diagnosis despite reporting inadequate image quality). Eighteen of 748 diagnosis responses (2%) were cannot determine, and 20 quality responses (3%) were inadequate. All 34 images were assigned a diagnosis of other than cannot determine and a quality other than inadequate by at least 20 of 22 experts. One individual assigned both a diagnosis of cannot determine and a quality of inadequate to 11 images. Therefore, we do not believe that variabilities in expert impressions of image quality are of sufficient magnitude to affect the interpretation of study findings. Future studies investigating the relationship between perceived image adequacy and diagnostic performance would be informative.
In summary, the identification of retinal vascular changes, such as those reflected by plus disease, has critical significance for ROP management. Results from this study show that agreement in diagnosis of plus and preplus disease among ROP experts is imperfect. This may have important implications for clinical care, continued refinement of the international classification system, development of computer-based image analysis methods, and implementation of telemedicine systems. 
